Objective: To examine the association between operator or hospital volume and procedural outcomes of carotid revascularization. Background: Operator and hospital volume have been proposed as determinants of outcome after carotid endarterectomy (CEA) or carotid artery stenting (CAS). The magnitude and clinical relevance of this relationship are debated. Methods: We systematically searched PubMed and EMBASE until August 21, 2017. The primary outcome was procedural (30 days, in-hospital, or perioperative) death or stroke. Obtained or estimated risk estimates were pooled with a generic inverse variance random-effects model. Results: We included 87 studies. A decreased risk of death or stroke following CEA was found for high compared to low operator volume with a pooled adjusted odds ratio (OR) of 0.50 (95% confidence interval [CI] 0.28-0.87; 3 cohorts), and a pooled unadjusted relative risk (RR) of 0.59 (95% CI 0.42-0.83; 9 cohorts); for high compared to low hospital volume with a pooled adjusted OR of 0.62 (95% CI 0.42-0.90; 5 cohorts), and a pooled unadjusted RR of 0.68 (95% CI 0.51-0.92; 9 cohorts). A decreased risk of death or stroke after CAS was found for high compared to low operator volume with an adjusted OR of 0.43 (95% CI 0.20-0.95; 1 cohort), and an unadjusted RR of 0.50 (95% CI 0.32-0.79; 1 cohort); for high compared to low hospital volume with an adjusted OR of 0.46 (95% CI 0.26-0.80; 1 cohort), and no significant decreased risk in a pooled unadjusted RR of 0.72 (95% CI 0.49-1.06; 2 cohorts). Conclusions: We found a decreased risk of procedural death and stroke after CEA and CAS for high operator and high hospital volume, indicating that aiming for a high volume may help to reduce procedural complications. Registration: This systematic review has been registered in the international prospective registry of systematic reviews (PROSPERO): CRD42017051491.
C
arotid endarterectomy (CEA) and carotid artery stenting (CAS) are the mainstay surgical procedure as prophylaxis for future (recurrent) stroke, and hundreds of thousands of both procedures are performed worldwide each year. A low procedural mortality and stroke rate are necessary to guarantee net clinical benefit of intervention. 1 Hemodynamic disturbance and procedural thromboembolism have been identified as important underlying mechanisms of stroke after both CEA and CAS, although the mechanisms differ between the 2 treatment modalities. [2] [3] [4] [5] Procedural factors associated with adverse events are timing of surgery after presenting symptom, 6 patch-use during CEA, 7 and possibly the use of embolic protection devices during CAS. 8 General versus local anesthesia 9 and shunt use during CEA 10 do not seem to influence the rate of adverse events.
Operator and hospital volume are sometimes used as a surrogate measurement of quality of care. 11 As a consequence, the Carotid Revascularization Endarterectomy versus Stenting Trial, 12, 13 the Endarterectomy Versus Angioplasty in Patients with Symptomatic Severe Carotid Stenosis,
Eligibility Criteria
Articles were included based on the following eligibility criteria: (1) full-text articles published in peer-reviewed journals; (2) written in: English, German, French, Spanish, or Dutch; (3) presenting original procedural outcome data about patients undergoing either CEA or CAS for asymptomatic or symptomatic carotid stenosis; (4) reporting: hospital volume, defined as the number of carotid procedures performed per hospital within a certain timeframe; or operator volume, defined as the number of carotid procedures performed per operator within a certain timeframe. Because intrial volume can differ largely from annual volume results, we discarded in-trial volume from this review 20 ; and (5) presenting effect estimates or providing raw data to calculate effect estimates for our predefined outcomes. Data on learning curve, defined as the effect on the outcomes of the early procedures performed by an individual operator, were not included in this study review.
Study Selection
All titles and abstracts were independently screened for eligibility by 2 authors (M.H.F.P. and E.C.B.) and full-text copies were independently assessed for final inclusion in this study. Subsequently, we cross-checked reference lists of included articles and identified reviews for further relevant studies until no further publications were found. In case of disagreement, discrepancies were resolved in consensus meetings by 3 authors (M.H.F.P., E.C.B., and G.J.d.B.).
Data Extraction
Two authors (M.H.F.P. and E.C.B.) independently extracted the following study characteristics from the included studies: (1) Methods: study design, design of data-collection, data source, setting study, number of study centers, number of operators, geographic area (country and continent) of study, study years, and sample size (patients/procedures); (2) Patient characteristics: (A) Baseline characteristics: sex, age, and cardiovascular risk factors (adhering to the definitions of the individual studies), (B) Disease characteristics: clinical presentation (symptomatic or asymptomatic status), degree of stenosis revealed by duplex ultrasound (<70%, 70%-99%, occlusion), and duration of hospital stay; (3) Determinant: total number of operators, total number of hospitals, thresholds of operator and hospital categories, number of patients/procedures per category, and number of events per category; (4) Outcome: definition of the outcome as used by the authors, specification of the timeframe of outcome measurement, unadjusted relative risks (RRs) or odds ratios (ORs), adjusted RRs, ORs, or hazard ratios (HRs), and the adjustment factors if applicable.
Results from studies that only reported a P value for an association, only textually mentioned an association without providing data with which risk estimates could be calculated, or assessed operator or hospital volume as a continuous variable are provided in Appendix Table 1 , http://links.lww.com/SLA/B441. These results were not used in the quantitative analysis.
Outcome Measures

Primary
The primary end-point comprises procedural death or stroke, defined as within 30 days, unless stated otherwise (eg, in-hospital). Although a composite endpoint may be difficult to interpret, because risk estimates for the separate outcomes might be the opposite of each other, we expected studies commonly report the combination of these 2 procedural outcomes, which are both important to patients.
Secondary
Procedural: (1) death; (2) stroke; (3) myocardial infarction (MI); (4) death, stroke, or MI; (5) following CEA: cranial nerve injury, defined as any temporary palsy of a cranial nerve at the operative side without an underlying stroke or transient ischemic attack.
Risk of Bias Assessment
To assess the risk of bias, we developed an adapted version of the Newcastle-Ottawa Scale for nonexperimental studies with 3 domains: selection, comparability, and outcome. To address the domain selection, we assessed 3 aspects: (1) study design: population-based study, multicentered, data-collection (prospective, retrospective); (2) representativeness of study cohort: low risk of bias if no selection of patients was applied. High risk of bias if risk factors that influence outcome were used for selection; (3) ascertainment of intervention: low risk of bias, if ascertainment was from medical records or registry data. High risk of bias, if ascertainment was from administrative sources. To address the domain comparability, we assessed comparability of case-mix between volume categories: low risk of bias if adjustment for case-mix differences in statistical analysis was applied; high risk of bias if significant differences in case-mix were reported or no adjustment for case-mix differences was performed. To address the domain outcome, we assessed 2 aspects: (1) assessment of outcomes: low risk of bias if independent blind assessment of outcomes was performed or outcomes were assessed using record linkage. High risk of bias if self-reporting of outcomes was used; (2) addressing incomplete data: low risk of bias if loss of outcome data for participants or participants lost to followup was unlikely to introduce bias (nondifferential lost to follow-up and <20%); high risk of bias if outcome data missing for participants or participants lost to follow-up was likely to introduce bias (differential loss to follow-up and/or >20%).
Statistical Analyses
From the included articles, we obtained or calculated the RRs, ORs, and HRs with corresponding 95% confidence intervals (CIs) stratified per determinant. For calculation, we used the number of patients. If the number of patients was not provided, we contacted authors for additional data. Otherwise, we used the number of procedures instead. If the absolute number of procedures was not provided and could not be obtained, the total number of patients was reported preceded by ''more than''. If articles reported data on different cohorts, we meta-analyzed the cohorts as separate studies. We calculate the inversed risk estimate and 95% CI, if the highest volume group was used as reference group in the original articles. Risk estimates less than 1 indicate decreased risk of the defined outcome for high-volume operators or hospitals, and risk estimates greater than 1 indicate an increased risk of the defined outcome for high-volume operators or hospitals. If the 95% CI of the pooled risk estimate did not include 1, the association was considered statistically significant. Only risk estimates with a 95% CI were used for pooled analyses. Associations for which point estimates without 95% CI could be extracted or calculated can be found in Appendix Tables 2 to 3, http://links.lww.com/SLA/ B441.
We compared the outcomes for the highest available volume threshold to the lowest available volume threshold as provided in the original articles. Risk estimates were pooled using a random effects model, with study weights based on the generic inversed variance method. Risk estimates were pooled separately for (1) CEA and CAS; (2) RRs, ORs, and HRs; (3) unadjusted and adjusted risk estimates.
Forest plots were constructed to visualize contribution of each study to a pooled estimate. To visualize the associations in studies from which only a point estimate could be extracted, we depicted these studies in the forest plots (displayed in the Appendix, http:// links.lww.com/SLA/B441) without CIs. Studies excluded from meta-analyses due to overlap in study population with other studies are not displayed in the forest plots.
Construction of forest plots, funnel plots, calculation of pooled estimates, and measures of heterogeneity were performed using the Metafor package for R language environment for statistical computing version 3.1.3.
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Heterogeneity
To account for heterogeneity between studies, we used a random effects model with weights per study assigned based on the generic inverse variance method. Heterogeneity across studies was assessed with the Cochran Q test (if P < 0.05 significant heterogeneity exists), and expressed in the I 2 statistic. A prediction interval was constructed and displayed within the forest plots if 3 or more studies were included in the meta-analyses. 22, 23 A prediction interval implies that there is a 95% chance that a risk estimate of a subsequent study with comparable characteristics will fall within this prediction interval. Wide prediction intervals indicate more heterogeneity than narrow prediction intervals.
Publication Bias
Risk of publication bias is assessed with funnel plots and asymmetry is visually assessed and tested by Egger regression, 24 with a P value less than 0.05 indicating asymmetry. 25 Symmetric funnel plots indicate no to low evidence for publication bias. Funnel plots were only constructed when 10 or more studies reported on a certain determinant-outcome relation, because interpretation of these plots is hampered when fewer studies are included. 25 
Sensitivity Analysis
We performed the following sensitivity analyses for the primary endpoint: (1) geographical region: limited to cohorts from North America; (2) symptomatic status: limited to cohorts with adjustment for symptomatic status; (3) adjustment for the other volume determinant: limited to cohorts with adjustment for the other volume determinant (eg, surgeon volume-outcome relationship adjusted for hospital volume); (4) mid-year in which treatment took place (defined as median calendar year of treatment dates): limited to cohorts with mid-year of treatment equal or above the median; (5) volume threshold for low volume: limited to cohorts with low volume equal or above the median; (6) volume threshold for high volume: limited to cohorts with high volume equal or below the median.
RESULTS
After screening 7021 publications, we identified 87 eligible studies ( Fig. 1 and Appendix Table 7 , http://links.lww.com/SLA/B441). An overview of the pooled risk estimates is provided in Table 2 .
Risk of Bias Assessment
Most studies were population based or multicenter. Incomplete data on outcome did not exceed 20% except for 1 study. High risk of bias was assigned to studies that retrospectively used administrative databases, especially if these databases implied a selection of patients for enrolment. The use of classification coding systems for ascertainment of treatment and determination of outcome was the main reason leading to the assignment of a high risk of bias (Appendix Table 8 , http://links.lww.com/SLA/B441).
Carotid Endarterectomy Operator Volume
High operator volume compared to low operator volume was significantly associated with a decreased risk of procedural death or stroke after CEA, with a pooled adjusted OR of 0.50 (95% CI 0.28-0.87; 3 cohorts), [26] [27] [28] with a pooled unadjusted RR of 0.59 (95% CI 0.42-0.83; 9 cohorts), [28] [29] [30] [31] [32] [33] [34] [35] [36] and with an unadjusted OR of 0.40 (95% CI 0.21-0.76; 1 cohort). 37 ( Fig. 2 ; Table 2 ). The pooled adjusted ORs and pooled unadjusted RRs, with low operator volume taken as reference, showed that high operator volume is significantly associated with a decreased risk of procedural death and procedural stroke separately, and procedural MI following CEA (Table 2 ; Appendix Figs. 1-3, http://links.lww.com/SLA/ B441).
The adjusted association for procedural death, stroke, or MI after CEA, and the unadjusted association for procedural cranial nerve injury were not statistically significant (Table 2 Among the studies reporting unadjusted RRs for procedural death or stroke, procedural death, and procedural stroke, most prediction intervals were narrow and did not include 1 except for the outcome procedural death or stroke.
Within the meta-analyses of the adjusted ORs for these outcomes the prediction intervals were wider and including 1 (except for the outcome procedural death), possibly due to the low number of studies reporting adjusted ORs.
Carotid Endarterectomy Hospital Volume
High hospital volume compared to low operator volume was significantly associated with a decreased risk of procedural death or stroke after CEA, with a pooled adjusted OR of 0.62 (95% CI 0.42-0.90; 5 cohorts), 20, 26, [38] [39] [40] with an adjusted RR of 0.74 (95% CI 0.60-0.90; 1 cohort), 41 and with a pooled unadjusted RR of 0.68 (95% CI 0.51-0.92; 9 cohorts). 20, 36, 39, [41] [42] [43] [44] [45] [46] ( Fig. 3 ; Table 2 ). The pooled adjusted ORs and pooled unadjusted RRs, with low operator volume taken as reference, showed that high hospital volume is significantly associated with a decreased risk of procedural death and stroke separately after CEA. (Table 2 ; Appendix Figs. 6 and 7, http://links.lww.com/SLA/B441).
The pooled unadjusted RR showed that high hospital volume was significantly associated with a decreased risk of procedural MI after CEA. The adjusted OR showed that high hospital volume is not significantly associated with a decreased risk of procedural MI after CEA. The associations for procedural death, stroke or MI, and procedural cranial nerve injury after CEA were not statistically significant (Table 2 ; Appendix Figs. 8-10, http://links.lww.com/SLA/B441).
Among studies reporting on procedural death or stroke, procedural death, and procedural stroke, the prediction intervals for studies reporting unadjusted RRs for procedural stroke, and adjusted ORs for procedural death were less than 1. The other prediction intervals were wider, but except for the prediction interval for procedural stroke (prediction interval: 0.10-3.85) the upper bound did not exceed 2.
Carotid Artery Stenting Operator Volume
High operator volume compared to low operator volume was significantly associated with a decreased risk of procedural death or stroke after CAS, with an adjusted OR of 0.43 (95% CI 0.20-0.95; 1 cohort), 47 with an adjusted RR of 0.43 (95% CI 0.26-0.74; 1 cohort), 48 and with an unadjusted RR of 0.50 (95% CI 0.32-0.79; 1 cohort) 48 ( Fig. 4 ; Table 2 ). The pooled adjusted ORs and pooled unadjusted RRs, with low operator volume taken as reference, showed that high operator volume is significantly associated with a decreased risk of procedural death and stroke separately after CAS ( No studies reported on procedural MI after CAS, and the association for procedural death, stroke, or MI after CAS was not statistically significant ( No substantial heterogeneity was found in the 3 meta-analyses performed for CAS operator volume. Prediction intervals could not be estimated because the number of studies per meta-analysis was too low (2 or less).
Carotid Artery Stenting Hospital Volume
High hospital volume compared to low hospital volume was significantly associated with a decreased risk of procedural death or stroke after CAS, with an adjusted OR of 0.46 (95% CI 0.26-0.80; 1 cohort), 40 and not significantly associated with an adjusted RR of 0.93 (95% CI 0.50-1.69; 1 cohort), 41 and a pooled unadjusted RR of 0.72 (95% CI 0.49-1.06; 2 cohorts) 41, 49 ( Fig. 5 ; Table 2 ).
The pooled adjusted ORs and pooled unadjusted RRs, with low hospital volume taken as reference, showed that high hospital volume is significantly associated with a decreased risk of procedural death and stroke separately after CAS ( Cochran Q was greater than 0.05 for all 5 meta-analyses for the CAS hospital volume-outcome relationship. Two prediction intervals could be estimated for studies reporting unadjusted RRs for procedural stroke (prediction interval: 0.60 -1.08), and unadjusted RRs for procedural death (prediction interval: 0.22 -2.21). Full-text arƟcles assessed for eligibility (n = 601) Full-text arƟcles excluded, with reasons (n = 513)
Conference or meeting abstract (n = 38) 2. Editorial, comment, presidential address, perspective or letter to the editor (n = 25) 3. No original treatment data (n = 73) 4. No data about CEA or CAS or not provided separately from other procedures (n = 74) 5. No data on HV/OV provided (n = 233) 6. Learning curve of individual operator (n = 2) 7. No comparison groups for HV/OV on outcome of interest nor raw data provided (n = 68)
Studies included in qualitaƟve synthesis (n = 87; in 88 publicaƟons) 
Publication Bias
Asymmetry in the funnel plots was found for studies presenting adjusted associations between CEA hospital volume and procedural death (Egger regression P ¼ 0.0012), indicating that there is statistical evidence for publication bias. No asymmetry was found for studies presenting other unadjusted and adjusted associations, indicating that there is no statistical evidence for publication bias for these procedural outcomes (Fig. 6 ).
Sensitivity Analysis
Limited to studies from North America, we found similar associations between CEA operator and hospital volume and procedural death or stroke (Appendix Table 9 , http://links.lww.com/SLA/ B441). For CAS, no studies were found from North America reporting on procedural death or stroke. We found only 1 study reporting on operator volume that adjusted for symptomatic status of the patients undergoing CEA and no studies reporting on hospital volume adjusted for symptomatic status. We found similar results if the inclusion for analysis was restricted to studies that adjusted for the other determinant. Limited to more recently treated patients, we found similar results (ie, direction and size of risk estimate) for CEA operator volume, CAS operator and CAS hospital volume, and procedural death or stroke. The 95% CI of the association between CEA hospital volume and procedural death or stroke, however, widened and included one, due to the lower number of included studies.
When limited to studies with higher low-volume thresholds or studies with lower high-volume threshold the direction and size of the association between CEA operator or hospital volume and procedural death or stroke remained stable. In a few comparisons, the risk estimates became statistically nonsignificant, because the pooled risk estimates had wider 95% CI due to the less number of cohorts included in these sensitivity analyses. For CAS, the sensitivity analyses with volume thresholds showed similar results compared to the primary analyses.
DISCUSSION
Our systematic review and meta-analysis shows a decreased risk of procedural death and stroke after CEA and CAS for high operator and high hospital volume. For CEA, the unadjusted and adjusted pooled risk estimates for procedural death or stroke, procedural death, and procedural stroke almost all show better outcomes for high-volume operators and hospital. For CAS, similar results were found in a limited number of studies. The association between operator or hospital volume and procedural MI; procedural death, stroke, or MI; and procedural cranial nerve injury has been less extensively studied, leading to less robust results. Importantly, we found limited evidence for publication bias.
Historically, 2 explanations have been proposed for the observed association between volume and outcome: the practicemakes-perfect hypothesis (note that this term has been criticized for being used in volume assessment but rather describes learning curve assessment), 50 assumes that the increasing experience of an operator or hospital leads to a reduction in adverse events. The selectivereferral-pattern hypothesis stresses the influence of higher number of patient referrals to operators and hospital with better outcomes. 51 The latter hypothesis assumes high-volume operators and hospitals select lower-risk patients. In our meta-analyses, pooled unadjusted risks for death or stroke were, however, comparable to adjusted risks. Furthermore, hospital readmission rates may be partly linked to hospital quality, regardless of patient-related factors. 52 It is often assumed that the experience or skill of the operator has an important impact on outcomes. 53 This is underlined by a study in which operator volume remained statistically significantly associated with CEA procedural death after extra adjustment for hospital volume. 54 Our literature search was extensive and the inclusion of studies in our study was only influenced by suitability for the analyses. Our findings strengthen the evidence that operator and hospital volume influence the outcome after CEA and CAS. 55 Nonetheless, our study has several limitations. First, there was considerable heterogeneity in volume definitions and thresholds. For this reason, the magnitude of the effect could only be measured for the dichotomized determinant volume groups: high versus low. Because most original studies did not prespecify thresholds and possibly selected thresholds to maximize differences in outcome between volume groups, bias may be introduced. Next to that, not all studies provided data on annual volume, but sometimes different timeframes were used.
Second, the majority of the included studies used administrative data as data source that may be of inferior quality with regard to symptom status, high-risk status, and perioperative stroke. 56, 57 Third, individual operator experience or ''learning curve'' is knowingly not included as a determinant in this study. [58] [59] [60] [61] The experience before the measured timeframe is unknown. The influence of developing clinical practice and the position of the operator on the learning curve may be underestimated, and the influence of other provider characteristics such as academic status of the hospital and experience with carotid interventions in high-risk patients is unknown. 62 Fourth, the assessment of the relationship between volume and outcome is hampered since not all studies adjusted for characteristics that are known to influence outcome after carotid revascularization (Appendix Tables 5-6 , http://links.lww.com/SLA/B441). 6, [63] [64] [65] Fifth, we may have missed publications in which operator and hospital volume was assessed but not clearly reported.
Sixth, despite our efforts to prevent double counting of patients by excluding overlapping datasets from meta-analyses, studies based on administrative datasets could potentially still have included overlapping patient groups.
Our results indicate an association between increasing volume and decreasing procedural death and stroke. Studies investigating determinants of outcome following carotid revascularization should adjust for operator volume and hospital volume. Heterogeneity in thresholds and definitions of determinants and outcomes emphasizes the need for clear definitions to improve the comparability of studies. Our findings question the decision of the Leapfrog initiative to drop volume standard for CEA as safety standard in surgical FIGURE 5. Risk estimates and meta-analysis for the association between CAS hospital volume (high vs low volume) for the outcome procedural death or stroke. The pooled estimate is based on a random effects model. The timeframe for the measured outcomes is depicted as follows: no symbol 30-day outcome, procedures. 11, 17 The heterogeneity in the identified studies cannot justify direct introduction of set volume thresholds, but do call for a closer examination of volume effects within carotid revascularization.
The possibility of another relationship besides a dichotomized high-versus low-volume groups may be clinically relevant. For this reason, we extracted data from studies in which the volume-outcome relation was assessed continuously. The possibility of a plateau phase . Funnel plots for all determinant-outcome relations with at least 10 studies. Adjusted or unadjusted in the title refers to the effect estimates under study, that is, unadjusted/crude relative risks or adjusted odds ratios. Statistically significant asymmetry, indicating statistical evidence for publication bias, was only found within the funnel plot for the reported adjusted associations between CEA hospital volume and death with an Egger regression P ¼ 0.0012. CEA indicates carotid endarterectomy.
in which the effect of additional cases per year after a certain number minimally affects outcomes should be considered, because this has been found for many surgical procedures.
In conclusion, our study shows a decreased risk of death and stroke after CEA and CAS for high operator and high hospital volume. The association for CAS has been studied in fewer studies. The relationship of operator and hospital volume with procedural MI and procedural cranial nerve injury has less extensively been studied and therefore remains uncertain. Our results indicate that aiming for a high operator and hospital volume may help minimize adverse events after carotid revascularization. Further research is needed to establish the optimum volume thresholds balancing a minimum adverse event rate and practical feasibility.
